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Abstract

Purpose of review—To summarize recent literature relating early-life environmental exposures 

on DNA methylation in the placenta, to identify how variation in placental methylation is 

regulated in an exposure-specific manner and to encourage additional work in this area.

Recent findings—Multiple studies have evaluated associations between prenatal environmental 

exposures and placental methylation in both gene-specific and epigenome-wide frameworks. 

Specific exposures lead to unique variability in methylation, and cross-exposure assessments 

have uncovered certain genes that demonstrate consistency in differential placental methylation. 

Exposure studies that assess methylation effects in a trimester-specific approach tend to find 

larger effects during 1st trimester exposure. Earlier studies have more targeted gene-specific 

approaches to methylation, while later studies have shifted towards epigenome-wide, array-based 

approaches. Studies focusing on exposures such as air pollution, maternal smoking, environmental 

contaminants, and trace metals appear to be more abundant, while studies of socioeconomic 

adversity and circadian disruption are scarce but demonstrate remarkable effects.

Summary—Understanding the impacts of early-life environmental exposures on placental 

methylation is critical to establishing the link between the maternal environment, epigenetic 

variation, and long-term health. Future studies into this field should incorporate repeated measures 

of exposure throughout pregnancy, in order to determine the critical windows in which placental 

methylation is most heavily affected. Additionally, the use of methylation-based scores and 

sequencing technology could provide important insights into epigenetic gestational age and 

uncovering more genomic regions where methylation is affected. Studies examining the impact 

of other exposures on methylation, including pesticides, alcohol, and other chemicals are also 

warranted.
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Introduction

DNA methylation is the best-characterized and most stable epigenetic modification, 

influencing gene expression through the disruption of transcription factor binding, chromatin 

structure, and subsequent gene silencing [1–3]. DNA methylation typically involves 

methylation of the 5th carbon position at a cytosine residue within a CpG dinucleotide 

(CpG), resulting in 5-methylcytosine (5mC). There are ~28 million CpGs in the genome, 

most of which are methylated [4]. However, CpGs located in “CpG islands” (regions 

of high CpG density and commonly found in gene promoters) tend to be unmethylated, 

as methylation in these regions generally represses transcription of the gene [5]. DNA 

methylation is primarily measured in this locus/gene-specific way, though other forms of 

measuring methylation do exist. One such example is building a methylation profile across 

several unique sites in the genome, through a genome-wide analysis [6]. Global methylation 

is another form of methylation profiling, and is defined as the total level of 5mC content 

in a sample relative to total cytosine content [6]. Though these types of methylation are 

generally studied in nuclear DNA, other types of DNA have proven to be useful tools for 

understanding methylation. Altered methylation of mitochondrial DNA (mtDNA) which is 

located outside the nucleus and plays an important role in cell life and death [7], has been 

implicated in a number of human diseases including cancer [8], and cardiovascular disease 

(CVD) [9].

DNA methylation can be influenced by both genetic and environmental factors, and 

recent studies have provided concrete evidence of a link between methylation and certain 

environmental exposures, including tobacco smoke [10–12], air pollution [13–15], toxic 

metals [16–18], and chemical compounds [19–21]. Exposure to these contaminants, 

particularly early in life, is associated with an increased later-life disease risk [22–24] 

(Figure 1). Much of this literature linking the maternal environment, epigenetic variation, 

and developmental programming has focused on DNA methylation in cord blood, due to its 

availability in birth cohort studies and its utility as a surrogate marker of target offspring 

tissue or as a target itself of environmental impacts on the developing immune system [25, 

26].

The placenta, though, may also be a highly relevant target tissue for the environment 

during in utero development. This ephemeral organ acts as a regulator of the intrauterine 

environment and physiologic interface between the mother and developing fetus. It is the 

first organ to develop and plays an important role throughout pregnancy, coordinating 

nutrient, gas, and waste exchange, as well as acting as an immunologic and endocrine 

organ [27–29]. An overview of placental structure and its role in function is described 

in Figure 2. Placental development is essential for proper fetal development, and can 

be influenced by the maternal environment [30, 31]. Exogenous exposures including 

environmental contaminants, pharmaceuticals, and psychosocial factors, as well as 

endogenous characteristics including maternal metabolic state contribute to that maternal 

environment and subsequently influence fetal development and potentially lifelong offspring 

health [32–34] through interactions with or effects on the placenta [35, 36]. Those 

environmental impacts to the placenta can be reflected in its molecular landscape, including 

changes to gene and protein expression and the upstream mechanisms which control these 
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cellular products, in particularly DNA methylation, which exhibits a unique profile in the 

placental genome [37].

In this review, we summarize the existing literature relating early-life environmental 

exposures on DNA methylation in the placenta, to identify how variation in placental 

methylation is regulated in an exposure-specific manner and to encourage additional work in 

this area.

Methods

In December 2021, we searched PubMed for literature concerning placental 

DNA methylation and early-life environmental exposures. We utilized general 

keywords “placenta”, “methylation”, “environment”, “exposures”, as well as specific 

exposure keywords “smoking”, “pollution”, “metals”, “chemicals”, “circadian”, and 

“socioeconomic.” From our queries, we included studies published in English within the 

last 5 years that represented new research on placental methylation in relation to in-utero 

environmental exposures and were either open access or accessible through a typical 

University library. We excluded studies that were systematic review articles, non-human 

studies, and studies where environmental exposures’ impacts were assessed in-vitro. If 

multiple papers assessed the same environmental exposure and methylation type in nested, 

overlapping sample sources, only the paper with the largest sample size was retained. Papers 

that met inclusion criteria but were later found to have a scope not matching inclusion 

criteria were also excluded. See Figure 3 for flow chart of literature search strategy. For 

papers meeting inclusion criteria, relevant data, including paper title, authors, year and place 

of publication, cohort size and source, exposure and specific type of DNA methylation 

assessed, research question, methods, and key findings, was extracted and maintained in a 

local database.

Results

A total of 108 studies were initially retrieved for screening and assessed for possible 

inclusion. After exclusion of non-pertinent articles, 28 studies met final inclusion criteria for 

assessing placental DNA methylation in relation to an environmental exposure; 9 (32.1%) 

studied air pollution, 8 (28.6%) studied maternal smoking, 4 (14.3%) studied environmental 

chemicals, 4 (14.3%) studied trace metals, 2 (7.1%) studied socioeconomic status (SES), and 

1 (3.6%) studied circadian disruption (Fig. 3). Results from all studies are summarized in 

Table 1.

Air pollution

From our review, exposure to air pollution was the most highly-studied environmental 

exposure in relation to placental DNA methylation. One study assessed global placental 

DNA methylation based on PM2.5 exposure during different during different time windows 

of pregnancy [38], observing an overall decrease in methylation as exposure to PM2.5 

increased during whole pregnancy, particularly with exposure during the 1st trimester and 

specifically the early first trimester when implantation occurs. A separate study assessed 

methylation of 7 CpGs in the promoter of leptin, a hormone that plays a functional role 
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in embryo implantation, intrauterine development, and fetal growth during pregnancy [39]. 

The authors observed decreased methylation across all 7 sites among mothers with increased 

PM2.5 exposure in the 2nd trimester [40].

A 2018 study assessed placental methylation among genes within the circadian clock 

pathway in response to PM2.5 exposure [41]. The authors observed that increased PM2.5 

exposure during 3rd trimester led to increased DNA methylation in the promoters of NPAS2, 

CRY1, PER2, and PER3, while an inverse association was seen between 1st trimester 

exposure and CLOCK methylation. Another study examined exposure to PM2.5, black 

carbon, and NO2 on promoter methylation of tumor suppressor and DNA repair genes, 

including genes on the nucleotide excision repair (NER) and base excision repair (BER) 

pathways [42]. Increased PM2.5 exposure throughout pregnancy was found to be positively 

associated with promoter methylation of repair genes APEX1, OGG1, and ERCC4, as 

well as tumor-suppressor gene p53. Increased black carbon exposure was also positively 

associated with methylation in APEX and ERCC4. Interestingly, pollution exposure during 

the 1st and 2nd trimesters of pregnancy mainly affected methylation of tumor suppressor 

genes, whereas later pregnancy exposure affected genes of the BER pathway. These gene 

and trimester-specific trends were observed in additional studies, including one that studied 

PM2.5 exposure on promoter methylation among 5 candidate placental genes and its role as a 

mediator of the exposure’s impact on fetal growth [43]. The authors noted that in the case of 

IGF2, a growth hormone that plays a crucial role in fetal development [44], increased PM2.5 

exposure during 2nd or 3rd trimester and entire pregnancy was associated with decreases 

in promoter methylation, while increases in exposure across the same windows resulted in 

increased promoter methylation of BID, an apoptosis regulator that has been shown to be 

susceptible to oxidative stress and immune response induced by environmental risk factors 

[45, 46]. A mediation analysis also showed that PM2.5 exposure might influence fetal growth 

through BID methylation.

Several studies used qualitative measures of air pollution exposure, grouping their 

participants based on exposure levels. This included a 2018 study done in Tehran, Iran, 

assessing impact of PM2.5 and PM10 exposure on global placental DNA methylation 

[14]. Positive correlations were observed between PM2.5/PM10 exposure in 1st trimester 

and methylation of all participants in “polluted” and “non polluted” groups. Stronger 

correlations were also seen in the “polluted” group compared to “non-polluted” group. 

Another study assessed prenatal PM2.5 exposure on placental methylation and how these 

changes modulate vitamin D deficiency and atopic dermatitis in offspring [47]. They 

observed significant hypomethylation in the promoter of the AHRR gene, as well as 

decreased expression of AHRR targets (AHR), in mothers with high PM2.5 exposure, low 

cord blood vitamin D, and offspring atopic dermatitis compared to other groups. AHR is 

a transcription factor that responds to chemicals regulating expression of genes with toxic 

or protective effects [48]. Placental hypomethylation of AHRR could suppress expression 

of AHR, thereby decreasing AHR signaling and disrupting immune response, which could 

increase risk of atopic dermatitis in offspring.

Several studies also investigated genomic regions that exhibit differential methylation 

patterns in response to varying levels of pollution exposure. One study assessed NO2 and 
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PM10 exposure on global methylation in Alu and LINE-1 repetitive elements, as well 

as in specific CpG-sites [49]. The authors identified 27 differentially methylated regions 

(DMRs) associated with air pollutants, including 4 located in CD81, DAXX, NOTCH3, 

and P2RX4 genes, all of which have been implicated in preeclampsia phenotypes [50–

53]. A similar trend was recently reported in a study looking at NO2 and O3 exposure 

impact on methylation across genomic locations, including CpG islands, shores, shelves, 

and open seas [54]. The authors noted location-specific variability in methylation, but more 

importantly they identified 5 hypomethylated DMRs in placenta mapped to genes ZNF442, 

PTPRH, SLC25A44, F11R, and STK38. Several of these genes are involved in immune and 

inflammatory processes, and these processes have been implicated as biological targets of air 

pollutant exposure [55, 56].

Studies of air pollution are often unique in that they can consider various time windows of 

exposure in pregnancy, something that is generally not seen in studies requiring biomarkers 

of exposure, due to the burden and cost of sampling multiple times throughout pregnancy 

[57]. Several genes exhibiting variable methylation in response to air pollution exposure 

have been previously implicated in environmental exposure-induced changes to immune 

response and oxidative stress [43, 47], making them good candidates for future studies on 

how changes in their methylation levels may impact these processes. Finally, a few studies 

assessed global methylation in the form of LINE-1 and Alu non-coding, repetitive elements, 

but such studies of global patterns of methylation are becoming more rare, replaced with 

studies of gene-specific and genome-wide methylation, made possible with array-based 

technologies and sequencing.

Maternal smoking

There is also an abundance of studies focusing on maternal smoking either prior to or during 

pregnancy, and placental methylation. In one study [58], investigators aimed to assess the 

effect of prenatal exposure to smoking on methylation of mtDNA and in the promoter of 

the CYP1A1 gene, which is involved in detoxification and may be activated by constituents 

of tobacco smoke [59]. The authors noted that direction of effect varies based on the type 

of DNA (genomic vs. mtDNA); current smokers had neonates with lower CpG-specific 

methylation at CYP1A1 compared to non-smokers, but higher mtDNA methylation at 

specific loci (specifically the MT-RNR1 gene). Another study that also assessed CYP1A1 

promoter methylation found no association with prenatal smoking exposure, though it 

is worth nothing that this study only sampled placenta from pre-term births [60]. This 

may denote that early-pregnancy smoking is not sufficient to elicit CYP1A1 methylation 

changes. Likewise, a recent study [61] that also assessed placental mtDNA methylation 

found significantly higher D-loop methylation in smokers compared to non-smokers, but 

no difference in methylation of LDLR2 between groups. The D-loop and LDLR2 both lie 

on the displacement loop of mtDNA, with D-loop on the heavy chain and LDLR2 on the 

light chain [62, 63]. These findings suggest that prenatal exposure to smoking may have a 

differential impact on the displacement loop of placental mtDNA.

Recently, a large epigenome-wide association study (EWAS) aimed to understand if 

placental methylation would mediate the established association of prenatal smoking and 
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lower infant birthweight [64]. Authors found 153 DMRs between smokers and non-smokers, 

with increases and decreases based on exposure. Interestingly, methylation of 7 CpGs had 

a mediating effect of lower birthweight in smokers. A separate study looking at impacts of 

Vitamin C supplementation on smoking-associated changes in placental methylation found 

differential methylation between those groups and suggested Vitamin C could be a potential 

intervention [65].

One study investigated maternal smoking effects on tissue-specific impacts in the placenta 

[66]. Authors observed significant decreases in methylation on the fetal side of the 

placenta among those who smoked throughout pregnancy, and, to a lesser extent, quit 

during pregnancy compared to non-smokers. Methylation levels on maternal sides of 

the placenta displayed less significant changes between groups, suggesting that smoking-

induced alterations reflect smoking through pregnancy rather than long-term smoking 

history, under the assumption that maternal tissue would already have the smoking 

associated differences. along the lines of understanding the “biological memory” of smoking 

on methylation [67], a recent EWAS found that ~ 75% of DMRs showed “reversible” 

alterations of DNA methylation present in placentas of current smokers, and 26 of these 

DMRs were also present in placentas of former smokers (which were not exposed directly 

to cigarette smoke), suggesting an “epigenetic memory” of placentas exposed to smoking 

prior to pregnancy. These DMRs also contained “enhancer-like” epigenetic marks enriched 

for H3K4me1 and H3K27ac, suggesting these placenta enhancer regions are particularly 

sensitive to tobacco smoke [68].

A recent EWAS performed by the Pregnancy and Childhood Epigenetics (PACE) consortium 

[69] represents the largest study of smoking and placental methylation, and serves as a 

complement to their prior work linking smoking and cord blood methylation [11]. This 

analysis identified over 400 differentially methylated CpG sites, with very few overlapping 

with those identified in cord blood, and many exhibiting effect estimates substantially 

larger than those observed in blood. Additionally, many of these CpGs were associated 

with smoking-related birth outcomes, including preterm birth and small birthweight, lending 

support to the critical role that the placenta plays in mediating the impact of adverse 

environmental exposures on newborn health.

Environmental chemicals

Environmental chemicals including persistent organic pollutants (POPs), bisphenol A (BPA), 

and polybrominated diphenyl ethers (PBDEs), also emerged as widely-studied prenatal 

exposure related to placental DNA methylation. Effects on placental methylation varied in 

both methylation-specific and chemical-specific contexts. A recent study conducted in the 

Shanghai-Minhang Birth Cohort Study (S-MBCS) assessed prenatal BPA exposure on CpG-

specific methylation in the placenta [70]. Authors noted a trend towards hypermethylation 

of CpGs in the high BPA-exposed group. This result aligns with a previous study in 

mouse placentas that showed increased BPA exposure led to increased DNA methylation 

(and subsequently reduced expression) of WNT-2, a gene involved in cell proliferation 

and differentiation during embryogenesis [71, 72]. A similar association was seen in an 

EWAS evaluating prenatal exposure to 9 synthetic phenols on methylation [73]. Researchers 
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identified 596 phenol-associated CpG sites, with > 90% of sites showing a positive 

association between urinary phenol concentration and methylation. A similar association 

was seen in 97% of DMRs (n = 180), with many of these DMRs related to exposure to 

triclosan, which has been shown in mice to have adverse effects on placental development 

and nutrient transport [74, 75]. Triclosan-associated DMRs were also shown to overlap 

with imprinted genes, suggesting triclosan could impact these important drivers of fetal 

development.

Examining imprinted placental genes was further investigated in a couple of studies. The 

first [76] was a 2018 study looking at exposure to POPs on IGF2 and H19, expressed 

from the paternal and maternal allele, respectively, on chromosome 11. IGF2 lies upstream 

of H19, and when it is down-regulated, expression of H19 increases. Decreased IGF2 

levels have been shown to impair fetal growth [77]. Researchers observed significant 

hypermethylation of CpGs in IGF2 and hypomethylation in H19 in response to higher serum 

POP concentrations. Increased methylation in IGF2 may lead to decreased expression, 

and since IGF2 is known to be a major regulator of placental and fetal growth [78], this 

could severely impair fetal growth. The second study assessed methylation of IGF2 and 

HSD11B2, a non-imprinted gene, in response to in-utero exposures to PBDEs among a 

cohort of children with fetal growth restriction (FGR) [79]. In contrast to the 2018 study, 

authors observed hypomethylation at IGF2-associated CpGs in response to increased cord 

blood concentrations of BDE-17-190, a PBDE congener. However, they noted a positive 

association between that congener and methylation of HSD11B2. HSD11B2 converts 

maternal cortisol to cortisone [80], and hypermethylation of its promoter has been shown 

to reduce placental expression [81], leading to increased cortisol being able to enter fetal 

circulation. High levels can affect fetal growth [82], which may explain the prevalence of 

FGR in these infants.

Overall, the reviewed chemical-methylation association studies showed variability in 

methylation in a chemical-and-gene specific framework. Specifically, BPA and phenol 

exposures appeared to show a more positive association with placental methylation, while 

POP and PBDE exposures tend to show more variability, with opposite effect directions 

based on specific genes. One trend to note was that we did not find any recent placental 

methylation studies looking at exposure to specific pesticides, although there are a number 

of such studies greater than five years ago.

Trace metals

Our group has been at the forefront of understanding the effects of prenatal trace metal 

exposures on placental methylation with a number of studies conducted by our group within 

the Rhode Island Child Health Study (RICHS) or New Hampshire Birth Cohort Study 

(NHBCS) which have extensive data on placental DNA methylation. One study [83] looked 

at concentrations of various neurotoxic metals and their impact on methylation of NR3C1, a 

glucocorticoid receptor that has been linked to neurobehavioral outcomes at birth [84, 85], 

and is involved in the development of a child’s hypothalamic-pituitary-adrenal (HPA) axis 

[86]. We found that higher levels of Arsenic (As), Cadmium (Cd), Lead (Pb), Manganese 

(Mn), and Mercury (Hg), and lower levels of Zinc (Zn) were associated with increased 
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methylation of NR3C1. We noted that this metal-induced hypermethylation may reduce 

expression of NR3C1, thereby affect the child’s developing HPA axis, which may increase 

cognitive and neurodevelopmental risk later in life.

Cadmium (Cd) is a unique metal to examine in the placenta, given that it can be sequestered 

in the placenta and not pass into fetal circulation, and so may elicit its toxicity within the 

placenta itself [87]. In a study of Cd-associated placental methylation [88], we found that 

increased Cd concentrations in the placenta was associated with differential methylation 

at 17 CpGs. Additionally, these Cd-associated CpGs may play a functional role in birth 

outcomes as methylation at specific CpGs was associated with increased expression of genes 

such as TNFAIP2 and ACOT7. Higher expression of these genes is associated with lower 

birthweight in our cohorts. In another study [89], we identified that increasing placental 

selenium was associated with increased methylation of a CpG in the GFI1 gene, and that 

methylation of that gene was associated with greater muscle tone in the infants. In an 

EWAS [90] on placental copper (Cu) and DNA methylation, we identified Cu-associated 

differentially methylated sites and regions, including the antioxidant GSTP1 gene, and the 

ZNF197 transcription factor, which has as transcriptional targets a number of Cu metabolism 

genes [91]. These studies of metals suggest that DNA methylation likely plays a role in the 

impacts of these metals on various fetal and newborn health outcomes and may be involved 

in the regulation of those metals in the placenta.

Socioeconomic Adversity

It is also important to consider how demographic, social, and structural factors, which 

contribute to exposure to adverse environmental agents, also impact placental DNA 

methylation and may act to modify the effects of the exposures. In one study conducted 

in the Extremely Low Gestational Age Newborns (ELGAN) [92] cohort, an adversity 

risk score was developed, based on four indicators: maternal education, marital status, 

eligibility for public health insurance, and supplemental nutrition assistance. Higher scores 

indicate greater socioeconomic adversity. Investigators identified 33 CpGs with methylation 

associated with at least one indicator, with 19 (58%) hypermethylated and 14 (42%) 

hypomethylated. Additionally, 15 (45%) of these were associated with the summative risk 

score, with placentas from female infants showing more robust differential methylation 

than male placentas. Thus, epigenomic effects may be linked to embedding of adversity, 

potentially effecting long term health outcomes. However, these effects may be attributed 

to this cohort consisting only of pre-term infants, and therefore these findings may not be 

generalizable to placentas of term pregnancies.

Our group had previously assessed adversity on placental methylation in RICHS [93]. 

Similar to the ELGAN study, we developed a cumulative risk score for adversity. We tested 

the association of this exposure on HSD11B2 methylation, and found that infants whose 

mothers experienced the greatest levels of adversity during pregnancy had the lowest extent 

of placental HSD11B2 methylation, particularly among males. Low maternal education, 

prenatal tobacco use, and higher cumulative risk scores were associated with significant 

HSD11B2 hypomethylation, with a one-unit increase in risk score correlating with a 2.3% 

decrease in methylation.
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In general, there is an overall lack of literature on the impact of adversity on placental 

methylation, and additional work in this area may provide important insights on the 

mechanisms underlying the impacts of adversity on health across generations. Thus, 

additional studies about adversity and incorporating measures of adversity with other 

environmental exposures is warranted.

Circadian Disruption (CD)

The last environmental exposure we sought literature on was disruptions in circadian 

rhythm (CD). Our team was one of the first (and to date, only few) groups to examine 

CD on placental methylation, which we assessed based on night-shift work in the RICHS 

cohort [94]. We observed differential methylation at 298 CpG sites in night shift workers, 

with an average methylation decrease of 1.7% compared to non-night shift workers. We 

hypothesized that this could be due to increased transcription factor (TF) binding to DNA, 

leading to chromatin changes causing hypomethylation [95]. Additionally, CLOCK, a core 

component of the circadian clock, acts as a histone acetyltransferase [96], and thus CD could 

be impacting the epigenetic activity of CLOCK, affecting chromatin state and accessibility. 

The 298 probes were also found to be associated with traits such as psoriasis, lupus, type-1 

diabetes (T1D), and multiple sclerosis (MS). This finding is in concert with a growing 

literature of the impacts of CD on various health outcomes [97]. Thus, our study shows 

that CD is impacting placental epigenetics and may also play a role in the development of 

diseases, though additional studies on this exposure’s effect on placental methylation are 

required.

Conclusions and Future Perspectives

In this review, we have outlined the current state of evidence pertaining to early-life 

environmental exposures and their impact on placental DNA methylation. We have 

examined 6 well-studied exposure categories but recognize there were a number of other 

exposures, including pesticides, alcohol, and other chemicals, that we did not include in 

this review. From what we have summarized, we can identify a few prevailing themes: 

1) Specific exposures lead to unique variability in methylation, though cross-exposure 

assessment shows certain genes demonstrating consistency in differential methylation across 

exposures; 2) Exposure studies that have looked at trimester-specific exposures’ impact on 

methylation patterns tend to find effects that are most striking during the 1st trimester; 

3) Earlier studies have more targeted gene-specific approaches to methylation or assessed 

repetitive elements such as LINE-1 and Alu, while later studies are epigenome-wide, array-

based.

One challenge in the study of DNA methylation in the placenta has been limitations in 

the ability to control for cellular heterogeneity in genome-wide studies. Until recently, 

many studies made use of reference-free methods to address this issue given a lack of 

reference data. This limitation has been recently overcome, though, with the publication of a 

reference panel and method, through R package planet, to estimate the cellular composition 

from array-based DNA methylation data [98]. Additionally, since methylation and exposure 

assessment are often observed coincidentally at birth, it is difficult to elucidate any 
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form of temporality or causation. Incorporating repeated measures of exposure throughout 

pregnancy could improve this issue and allow for a better understanding of the critical 

windows during which exposure impacts placental methylation.

As for additional directions of placental epigenetic research, the use of DNA methylation-

based scores is likely to become more prevalent as various risk scores are developed. 

For example, a placental epigenetic clock has been developed for estimating epigenetic 

gestational age from placental methylation levels [99]. Like other epigenetic clocks, the 

deviation between actual gestational age and the estimated age can be used as an outcome 

and future studies that aim to assess epigenetic gestational age could consider this approach. 

Also, as sequencing technology continues to improve, it is likely there will be more 

studies utilizing such an approach in the placenta, and this could provide important new 

insights to genomic regions that thus far are being missed using array-based and targeted 

approaches. Finally, as we begin to uncover specific genes that have identified epigenetic 

alterations related to exposures, there will be opportunities for the development of more 

robust biomarkers, leading to a better understanding of how environmental exposures work.

The placenta clearly plays a critical role in fetal development and newborn health, and 

is increasingly being recognized as a critical organ in the developmental origins of long-

term health. As cohorts and studies with placental data mature, there will be incredible 

opportunities to look empirically at these relationships and we encourage ongoing efforts 

to establish the links between the developmental environment, the placenta, and long-term 

health.
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Figure 1. 
Early-life environmental exposures and their impact on genome-wide DNA methylation and 

disease risk.
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Figure 2. 
Human placental structure and function.
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Figure 3. 
Flow chart illustrating paper selection process for conducting literature search
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